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ABSTRACT 
TRANSPORT PROCESSES OF PARTICLES IN DILUTE 
SUSPENSIONS IN TURBULENT WATER FLOW - PHASE I1 
This work was concerned with an improved and more prac- 
tical understanding of particle motion in a turbulent fluid 
field. It is felt that such an increased understanding has 
been achieved both in an analytical and in an experimental 
sense. 
Analytically, a theory simplified by the restrictive 
constraints of isotropy and Stokesian drag has been developed. 
Assumption of a reasonable particle energy spectrum allowed 
calculation of various statistical quantities important in the 
determination of the particle's turbulent motion. By such an 
analysis three characterizing parameters were found. Two 
describe inertial effects due to the particle's size and 
density. They were found to be of prime importance in the 
determination of the ratio of the particle's fluctuating velo- 
city variance to that of the fluid. The crossing of the parti- 
cle from one region of correlated fluid turbulence to another 
by virtue of its free fall velocity is described by the third 
parameters. This parameter was shown to be of particular impor- 
tance in limiting the particle's velocity correlation. The two 
effects, of inertia and of free fall velocity, together act to 
determine dispersion. 
A well parameterized particle experiment was undertaken. 
Analysis of the particles' behavior in the turbulent flow gave 
a three dimensional characterization of their motion. In 

particular calculation of velociuy variances, autocorrelations, 
and energy spectra were made. These measurements in conjunction 
with measurements on the turbulent fluid field allowed compar- 
ison between theory and experiment. 
Comparison of theoretical prediction to experimental 
observation showed good agreement provided the underlying 
assumptions inherent in the theoretical derivation were valid. 
Agreement suffered when these assumptions proved less valid. 
In particular non-Stokesian drag and anisotropic effects caused. 
disagreement between theory and experiment. 
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NOMENCLATURE 
particle radius 
= initial particle position 
particle diameter 
E energy spectrum, defined by (3.4-2) 
= average anemometer voltage 
= true random anemometer signal 
frequency; particle free fall velocity 
f(t-T) time derivative of the response of a particle 
to fluid fluctuations 
G spatial correlation, defined by (3.4-7) 
= squaring circuit gain, used in moment calcula- 
tions for the fluid 
g gravitational force acting on the particle 
g(t-T> = response of a particle to fluid fluctuations 
I: = intensity, defined by (3.3-2) 
K = diffusivity 
k = wavenumber 
L linear mathematical operator 
N nonlinear mathematical operator 
particle response function 
correlation coefficient 
Re Reynolds number 
S1, S2, S3 signals used to determine the various fluid 
moments, defined by (3.3-5) 
time parameter, defined by (2.4-6); time limit 
on the finite Fourier transform 
time 
= mean velocity 
= random velocity 
= dispersion, defined by (1.2-1) 
= instantaneous particle position 
particle position as determined from (4.5-4) 
and other similar equations 
= inertial parameter, defined by (1.2-5) 
= inertial.parameter, defined by (1.2-6) 
= parameter to account for non-Stokesian effects 
= spatial macroscale, defined by (3.4-8) 
= kinematic viscosity 
= inertial parameter, defined by (2.4-5) 
= mass, density 
= time macroscale, defined by (3.4-3) 
Taylorts dissipative time microscale, defined 
by (3.4-4) 
T lag time 
w = circular frequency 
Subscripts 
B = pertaining to Burchill s3' experiment 
f = fluid 
i spatial coordinate 
o = zero free fall velocity 
P = particle 
r,B 9 2  = spatial coordinates 
Superscripts 
% Fourier transform 
long time average 
= RMS value 
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equation of motion for a spherical particle in a turbulent 
fluid field was first developed by ~ c h e n ~  who modified earlier 
7 equations by   as sot ,5 130ussinesqt6 and Oseen which described 
the motion of a slowly moving sphere in a fluid at rest. Corrsin 
and ~umle~' corrected Tchenls equation to account for the full 
contribution of the forces due to the pressure gradient in the 
fluid. Including these contributions, the equations for motion 
of spherical particles in a turbulent fluid may be written as: 
where u is the particle's velocity; ufpi the fluid's 
pti 
velocity in the neighborhood of the particle but far enough 
away not to be disturbed by it: to is the reference starting 
time; gi the external force field per unit effective mass 
(pp+pf/2) of the particle; a and f3 are defined as: 
a is the particle radius; 
p~ 
its mass density: pl the 
fluid's mass density 7/ I s  the kinematic fluid vico3it5;; and 
the over dot signifies a tine derivative following the particle. 
The assumpthons under which this equation is valid are: 
(1) There is no interaction between particles. 
(ii) No externally imposed particle rotation or wall 
effects occur. 
(111) Relative motion is such that Stokesq drag applies. 
Physically, the first term in the above equation is related 
to the force required to accelerate the particle together with 
its apparent mass. The second term is related to the force 
required to accelerate the fluid element (due to the pressure 
gradient and the apparent mass). The third term is associated 
with the viscous drag through Stokes! law. The fourth term, 
the so-called "Bassetw term, is related to the drag due to 
unsteady motion in a viscous fluid. 
This' equation of motion may further be written syraboli- 
cally as: 
where L a  and N are linear and nonlinear operators, respec- 
tively. The essence of the nonlinearity in question is appar- 
ent when (1.2-7) is re-expressed as: 
I& is seen to arise from the fact that, in the particle's equa- 
tion of motion, the fluid velocity field must be evaluated at 
9 the unknown particle position. Lumley was the first to point 
out this essential nonlinearity and has concluded that the equa- 
tion can be resolved only on the level of functional probabili- 
ties, the theory of which unfortunately is not yet developed to 
such a point that calculations can be successfully carried out. 
Due to this rather formidable nonlinearity all attempts at 
analytical solutior,~ to this equation must assume that the 
particle is restricted to move within a strongly correlated 
region of the fluid throughout its history. This causes the 
particle's velocity field to be a function of time only. 
Notable among those solving the resultant nlinesrizedn equaticn 
of motion are ~inze" who chose to represent both particle and 
fluid velocities by Fourier integrals; chaol' who, by regarding 
the linearized equation as a stochastic integro-differential 
equation with a stationary forcing function, was able to obtain 
relations between the statistics of the fluid and those of the 
particle; and ~hirazil~ who applied o conditional averaging to 
reduce the equatioh to a stochastic, integro-differential equa- 
tion from which certain relationships between statistical pro- 
perties of the particle and fluid were obtained under the 
assumption that the particle velocity and fluid velocity vec- 
tors were uncorrelated. By constructing suitable turbulent 
fluid fields numerically, h a d l  and ~oldshmldt~~ were able to 
accomodnte this essential nonlinearity and numerically inte- 
grate a modified equation of motion (the Basset term was 
omitted). ~insbergl* has recently completed a study on the 
behavior of high free fall particles. He derived expressions 
for dispersion under the assuptions of homogeneity, isotropy, 
and Stokesian drag. 
The present study is an extension of that first set forth 
by Wandel and Kofoed-Hansen. l5 These authors dealt with sta- 
tionary, homogeneous, isotropic turbulence, developing 1Gte- 
gral elrpressions for the Eulerian amd hgrangian autocorrela- 
tion coefficients for fluid points. This study shall extend 
their work to consider particles and, combined with Chaofs 
results, expressions for various statistical quantities char- 
acterizing particle motion will be derived. By such means, it 
is hoped that a better understanding of particulate behavior 
in turbulent flows will be attained. 
1.3 Previous Experimental Investigations 
Qf the numy laboratory investigations into the process of 
particle transport by a turbulent flow only a very few have 
sufficient information on either the fluid flow field or the 
particlegs motion to compare the experimental results with 
theoretical predictions. Due to the complexities of the experi- 
mental problem, most are plagued with the associated problems 
of ineuf f icieht data sample sizes and unavoidable noise 
coaplicatf ons . 
Vanonl and 13rooks16 were the first to successfully con- 
pute the particle's hgrangian autocorrelation. In their study 
smallo neutral density liquid droplets ranging in size from 
0.3 to 1.0 m in diameter were injected into a grid generated 
water turbulence and their trajectories photographed within a 
distance of 20 to 120 units of the grid mesh spacing dom- 
stream from the grid. Instantaneous droplet velocities were 
then inferred from the photographs and from these the Lagran- 
gian autocorrelation obtained. However, problems with droplet 
injection, snall data sample sizes, together with limited fluid 
turbulence measurements restrict somewhat the usefulness of 
their results. 
~renzen'~ extended the problem of particulate transport 
to include stably, unstably, and neut~ally stratified flows. 
In his experiment 1 mm droplets of neutral density were photo- 
graphed in grid generated water turbulence using multiple light 
sources. From these photographs particle velocities could be 
obtained; but as with the p~evious experiment of Vsnoni and 
Brooks, his results ape to a degree limited by snall sample 
size, insufficient fluid turbulence measurements, and excessive 
digital filtering. 
~enned~" meascred the dispersion of heat, 1.25 mn soap 
bubbles, and 0.7 mm and 0.9 rn polystyrene beads in the grid 
generated turbulence of a vertical wind tunnel. Hs used two 
light fields to illuminate the particle, one being at a fixed 
location along the wind tunnel and the other at a variable 
position do-mstrean of the first. Photonultipliers rasre us22 
for detection of the part2cle scattered light. Kerxedyts data, 
althowh being rather complete insofar as fluid tu~bulence 
measurements are concerned, is troubled with inconsistent 2 
Euleriam spectral energy measurements, somewhat low turbulence 
' -3 
intensities, and a double differentiation technique to obtain 1 
particle Lagrmgim autocorrelation data. 1 
Jones. Chao, and shirazi19 made measurements of neutral 
B 
density 4.56 mm light emitting particles moving in the core 
region of a nearly fully developed water pipe flow. Analog 
1 
tracking of the particlews trajectory was attained by physi- I 
cally feZloving the particle during its journey down the verti- 1 
I 
cal pipe with a ba-& of sight paired photomultiplier tubes. 
From this position data, velocities were obtained, from whence i 
1 
hgrpangian autocorrelations were calculated. Noise problems 
in particular (as well as small data sample sizes) restrict 1 
greatly the usefulness of their experimental results. 
Probably the best experimental investigation of particulate 
$ransport %na turbulent fluid flow to date is that of Snyder. 20 
The particles in his experiment varied in density from .Q.26 gm/cc 
t o  8,6 gm/cc a d  were of two sizes, 0.~465 mm and 0*087 mm in 
diameter, Snyder chose to use grid generated wind tumel tur- 
bulence and hilt his a n d  tunnel to be an exact replica of 
Kemedyts so as to compare his resu.lts with those of' Eemedy. 
Unfortunately, Snyder's fluid intensity meaeuremen-kw showed a 
much higher value than those sf" Kennedy, so no real comparison 
of the two experimental results could be made. Tracking of the 
illuminated particles was accomplished by a series of cameras 
mounted at different locations downstream of the grid. From 
these photographs particle velocities could be inferred and 
particle LagrangIan ~utocorrelations as well as particle 
dispersion then obtained. 
Recently, ~urrny" has reported a grid generated water 
turbulence experiment In which 2 mm diameter particles of near 
neutral density were time lapse photographed. Dispersion and 
particle turbulent intensities were subsequently found from 
these photographs, 
 insb berg,'^ in addition to his theoret lcal analysis, per- 
formed an experinent in which liquid droplets of 200~. l5Op, 
and 8 0 ~  diameter moved in vertical air flows of 25,000, 50,000, 
and 100,000 Reynolds number, Flow conditions were well para- 
meterized in his experiment. Droplet concentration and diffu- 
sivity were measured at the three flow conditions. 
The present experimental work was an extension of that of 
Jones, Chno, and Shirazi. Their basic system with var1ov.s 
modificationn to improve signal-to-noise, develop stationary 
turbulence, and improve particle insertion and parameteriza- 
tion was used. Particle trajectories and a complete set of 
fluid turbulence measurements have been made, 111th such an 
extensive experimental description, a detailed comparison with 
theoretical predictions has been made along with observations 
concerning the general behavior of particles in a turbulent 
fluid flow. 
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solution arbitrarily close to a prescribed path y p,i(akyt). 
To obtain the probability density of y an integration in 
p,iY 
function space over all paths, 
Y ~ , i  ending at a given point 
must be made. Unfortunately, this functional integration has 
eluded solution. 
In the present work a somewhat different approach is taken. 
Transport of a dilute suspension of spherical particles by a 
stationary, isotropic turbulence in the Lagrangian frame of 
reference will be considered. No particle-particle or particle- 
wall interactions will be considered, only particle-fluid inter- 
actions will be regarded as important. Expressions useful in 
interpreting and predicting behavior of the suspended particles 
such as particle velocity variance, autocorrelation, and disper- 
sion are obtained. From these it is believed that more correct 
modeling for engineering evaluations can be made. 
2.2 Formulation of Particle Transport Theory 
consider a spherical particle moving in a fluid field 
viewed from a reference frame in which the average fluid velocity 
is zero. When viewed from such a frame the particle's motion in 
a given coordinate direction may be written as: 
where u is the particle's random fluctuating velocity in 
p,i 
the ith coordinate direction and fi is any deterministic velocity 
(such as free fall velocity) the particle may have in the i th 
direction. If stationarity of the random velocity is assumed, 
a Lagrangian autocorrelation coefficient may be defined as: 
in which ut is the RMS value of u T is the delay time, 
p,i p,i' 
and the overbar represents a long time stochastic average. 
Knowledge of such autocorrelations allow subsequent calculation 
of particle dispersion using (1.2-1) or (1.2-2). Due to this 
intimate relationship between correlation and dispersion much 
effort was directed toward rigorous analytic determination of i 
particle autocorrelation coefficients. In particular it was 
i 
desired to characterize the particle's autocorrelation in terms 
of the better known fluid autocorrelation. 
Equation (2.2-2) implies a knowledge of the time develop- 
I 
ment of the particle's random velocity field. This, in turn, 
requires a solution to the particle's dynamical equation of 
motion (1.2-4). Even for the simplified case of no spatial 
dependence this equation proves very difficult to solve. How- 1 
ever, recalling the Wiener-Khintchine relationships, the particle's 
autocorrelation may be written as a Fourier cosine transform of 
its energy spectrum: 
+OD 
Determination of the particle's autocorrelation is thus i 
reduced to the determination of a proper one dimensional energy 1 
spectrum. From the work of soo ,22 ~riedlander ,23 and Chao, 11 
it is suggested that the particle's energy spectrum can be 
expressed as a function of the fluid's Lagrangian energy spec- 
trum through a so-called particle response function. This 
response function is derivable from the particle's simplified 
.?. 
equation of motion by the method chaol1 developed" and is, 
therefore, applicable to particles with zero deterministic velocity 
constrained to move within a single correlated region of fluid. 
Use of such a response function requires some adjustment of . 
(2.2-3). 
For particles with a deterministic velocity of zero 
(i.e. fi 0) a frequency will be defined as: 
where k is the wave number. Non-zero deterministic velocity 
particles have as their frequency: 
However, w may be written with the aid of (2.2-1) as: 
which can be seen to reduce to wo as fi + o and to wm i kfi 
See ~ 0 0 ~ ~  for a discussion of Chao's method. 
t The equivalence of the wavenumbers in (2.2-4) and (2.2-5) is 
discussed in Appendix A. 
Normalization constraints require that non-zero deter- 
ministic velocity energy spectra and zero deterministic velo- 
city spectra be related by: 
As such (2.2-3) becomes: 
Thus it is seen that the particle's autocorrelation in the 
ith coordinate direction can be determined from a knowledge of 
its deterministic velocity, fi, the RMS of its random velocity, 
1 
u and the zero deterministic velocity energy spectrum, 
p3i3 
E (uo). 
p3i 
If the random velocity field is assumed isotropic and the 
gravitational (or longitudinal) direction is taken to be axial 
(2.2-8) may be written for the axial direction as: 
This equation, then, is of the utmost importance providing 
as it does the basis for all subsequent calculations of quantities 
important in describing particulate transport. 
2.3 Discussion of Particle Response Functions 
As noted earlier, studies by S O O , ~ ~  F ~ i e d l a n d e r , ~ ~  and 
chaol1 suggest that the particle's Lagrangian one dimensional- 
energy spectrum can be expressed in frequency space as a func- 
tion of the fluid's Lagrangian one dimensional energy spectrum: 
Here Q(uo), the so-called particle response function, is a 
measure of the particle's response to accelerations caused by 
the surrounding fluid; hence it includes inertial effects due 
to particle size and density. Although (2.3-1) is plausible, 
further insight into the mechanism of turbulent transport may 
be gained if its derivation is considered. 
Knowing the particle's position as a function of time 
from (2.1-l), an expression for its fluctuating velocity may 
readily be obtained: 
d 
where f(t-T) = - g(t-T). It has been tacitly assumed that dt 
the particle was released from rest so that g(0) = 0. ' This 
equation, one common to many areas of physical science, has a 
very definite interpretation: the particle's fluctuating velo-- 
city is viewed as being the convolution of the impulse response 
which in turn through (2.2-9) implies a one dimensional fluid 
Lagrangian energy spectrum of: 
Placing (2.4-1) and (2.4-3) into (2.2-9) yields an expression 
for the particle's longitudinal Lagrangian autocorrelation 
coefficient: 
where 
and 
Since at zero delay time the autocorrelation is unity, a 
restriction on the ratio of the fluctuating velocities must be 
made : 
Consequently, if the particle clensity is held constant, the 
ratio of the fluctuating veloci-ties approaches a constant 
value, B2, as the parameter 5 is increased. Utilization 
of this expression in (2.4-4) results in a final expression 
for the particle's longitudinal Lagrangian autocorrelation 
coefficient: 
Consequently, it is clear that transport of particles in 
a turbulent fluid flow (under the limitations inherent in the 
theory presented in this section) may be characterized by the 
three parameters B, 5, and T. 
If (1.2-6) is re-arranged slightly, 6 may be re-written 
as : 
and as a result is seen to be the ratio of the effective mass 
of a fluid sphere to that of the same size solid sphere. The 
significance of the parameter 5 is rather interesting. Exam- 
ining this parameter, the grouping aBGZ may be interpreted as 
the reciprocal of the particle's non-Stokesian response time, 
Tns in a quiesent medium. Thus 
may be regarded as a comparison of this particle response time 
to a typical time of correlation for the fluid. It is inter- 
esting to note that 5 is within a multiplicative constant of 
both th,e parameter YT by which Ahmadi and ~oldschmidt'~ char- 
acterized particle dispersion in a turbulent fluid, and the 
parameter K which ~ 0 0 ~ ~  found typifies wall effects on parti- 
cle motion in a turbulent fluid. 
The time parameter, T, given by ( 2 . 4 - 6 )  is quite similar 
26 to that postulated by Csanady to account for the so-called 
crossing trajectories effect. As the particle's free fall 
velocity increases this parameter decreases causing reduction 
in both correlation and dispersion. 
In the most general of terms, then, the inertia associated 
with the particle is manifest in the parameters B and 5; whereas 
the parameter T describes the particle's loss of correlation as 
it moves from one eddy to another. 
It is possible to determine the lateral correlation 
coefficients u n d e ~  the assumptions of stationarity and isotropy: 
The resulting lateral particle Lagrangian autocorrelation coeffi- 
cient is : 
Dispersion of the particles may be obtained using (1.2-2) 
which results in, for longitudinal dispersion, 
and for the lateral dispersior,: 
An examination of the results of this section shows 
the "crossing trajectories" and associated "continuity" effects 
to be quite potent in the turbulent transport of particles. 
An investigation of the longitudinal and lateral dispersion 
coefficients results in: 
and 
Consequently, due to continuity requirements, lateral disper- 
sion is only half as great as longitudinal dispersion. 
Equations (2.4-12) and (2.4-13) thus allow prediction of 
particle dispersion knowing a minimal amount of information. 
Knowledge of particle size and density is necessary as is a 
knowledge of the fluid's integral time scale and its turbulence 
intensity, all of which can readily be measured or estimated. 
It thus remains to compare theory with experiment. 
Unfortunately, very few well parameterized particle trans- 
port experiments have been done. The best experiments have been 
those concerned with the motion of heavy particles. Few defin- 
itive investigations have been made into the realm of O<B<1 
which includes most water transport situations. As a consequence 
a well parameterized experimental investigation into particle 
behavior in this domain has been undertaken. 
3.1 Introduc.t;ion 
The understanding of a particle's statistical behavior I n  
a turbulent fluid flow must of necessity require a knowledge of 
the flow's statisticsl characteristics inasmuch as the Plox prc- 
vides the drivinz force for the particle. Lack of such in fonna-  
tion limits the usefulness of many particle experincnts, s ince  
knowledge of pnrticlc behavior alone is simply not cnou;:h - Lhe 
two phase f l o ~  in its entirety must be considered. As a co!lse- 
quence nn extensive investigation has been made into the statis- 
tical character sf tha axial flow field of the flu.fd tranz- 
ported the partlcl-es. In the present experimenl; the fluid us?<i 
was water at 8 0 O ~ .  Pitot tube measurement-s were nzdc to ascer- 
tain the mean f'low, Quantities peculisr to the fluct~atin;: f lo^: 
were measurod using fixed probe hot film anernoneters, 
The flow facility, see Figure (3.1-1). :*[as 'basically thzt; 
designed and built by Jones, 2 7  A detailed description of it 
may be found in his thesis and will not be repeated herein. 
Slight modificatl~ns at both the inlet to and exit fro3 t h e  
vertical section have been made and will be discussed in the 
next section, The test section where both fluid and particle 
measurements were made consisted of the lower seventeen fee; cf 
the vere'ical section. An al.wninum section with five entry 
points to place measuring probes (sse Figure (3,l-2) ) r q l n c c d  
Jones' clesr cast a c ~ y t i c  section, allowir3 ;?hat was felt to 
be a representative ~ e t  of axial measurements to be made along 
Figure (3.1-1). Detailed Schematic of Experimental 
Turbulence Loop. 

t h e  t e s t  s ec t i on  length.  Since p a r t i c l e  measurements were made 
'i 
a t  a pipe  Reynolds number of 50,000 due t o  sample t ime r c s t r i c -  j 
t i o n s  caused by t h e  r a t h e r  l imi ted  length  of t h e  t e s t  s ec t i on ,  
most of t h e  f l u i d  data presented I n  t h i s  chapter  w i l l  be f o r  
1 
I 
t h i s  Reynolds number although some taken a t  Reynolds numbers of I 
25,000 and 100,000 w i l l  be presented. : i 
1 3.2 Mean Flow Measurements i / 
Mean a x i a l  ve loc i t y  measurements were made ac ros s  t he  p ipe  
diameter f o r  two pipe  Reynolds numbers, 50,000 and 100,000, u s i cg  1 
both t h e  p i t o t  tube and hot  f l l m  anemometers. I n i t i a l  work i nd i -  
cated non-stat ionary behavior a long t h e  t e s t  s ec t i on  due presum- 
ably t o  t h e  r a t h e r  s h o r t  (e ighteen tube d iameters)  developing 
l eng th  f o r  t he  tu rbu len t  flow. This d i f f i c u l t y  was surmounted 
. i 
with  t h e  add i t i on  of a s t a i n l e s s  s t e e l  r ake  t o  t h e  v e r t i c a l  . 
 section*^ i n l e t .  It complemented t h e  a c t i o n  of t h e  var ious  
screening,  wire t r i p s ,  and Borda mouth ent rance  t o  produce a 
high turbulence  l e v e l  a t  t he  i n l e t .  Another problem, t h a t  of 
asymmetric flow a t  t h e  t e s t  s ec t i on  e x i t  due t o  t h e  proximity 
\ 
of a 90' elbow, w a s  solved by t h e  i n s e r t i o n  of a s u i t a b l e  honey- i 
comb r e s i s t a n c e  i n t o  t h e  elbow. Once t h e s e  problems had been I 1 
overcome, t h e  mean a x i a l  flow proved t o  be both s t a t i o n a r y  and 
q u i t e  symaetric a t  v i r t u a l l y  a l l  measuring p ros t ions .  I 
Comparison of t h e  average ve loc i t y  p r o f i l e s  a t  p ipe  Reynolds 
I 
numbers of 50.000 and 100,000 with those  of ~ i k u r a d z e ~ ~  and 1 
h u f e r  2 9  a r e  shown i n  Figure (3.2-1). Agreement wi th  these  I 
Figure (3.2-1).  Fluid' s lean - h a 1  Veloclty Prof i le .  
o Present Experiment 
- Lauf er ' s29 Data 
o Present Experiment 
- Nlkunadze s28 Data 
published profiles appears to be good. Since this experiment 
was primarily concerned with the central core region of the flow 
no near wall data was taken for comparison with the universal 
near wall velocity profile. 
3.3 Moment Measurements 
One of the basic properties characterizing any turbulent 
flow is the distribution of velocity fluctuations about the 
mean. For stationary, homogeneous, isotropic turbulence this 
probability distribution should be very nearly Gaussian. How- 
ever, most turbulent flows encounted experimentally (and other- 
wise ) are usually non-homogeneous and non-isotropic to some 
degree at least, thus necessitating a determination of the 
aotual probability distribution. Two such determinations (one 
at the pipe center line and one an inch away) made using the 
TSI 1065A Correlation and Probability Analyzer are shown in 
Figures (3.3-1) and (3.3-2) with Gaussian distributions shown 
for comparison. In both cases the actual distribution is seen 
to be skewed toward negative velocities, and there seems to be 
somewhat more contributions at high velocities than would be 
expected for a Gaussian distribution. 
Such distributions may be used to find the central moments 
of the fluctuating velocity field and vice versa by the use of 
the theory of characteristic functions. 

Figure (3.3-2). Fluid's Axial Velocity's 
Probability Density. 
0 Experimental Data 
- Gaussian Fit 
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However, since no observed axial variation occurred in the 
intensity, the flow can, for all intents and purposes, be 
regarded as stationary insofar as the intensity was concerned. 
Indeed, no significant axial variation was noticed in any of 
the measurements made. Consequently, it will be assumed with- 
out further notice that the turbulence in the test section vras 
stationary. 
If the fluctuating axial velocity field was distributed 
according to Gaussian statistics, it would be expected that 
the skewness would be zero while the flatness vrould be three, 
The next two figures, Figure (3.3-5) and (3.3-6), show the 
radial variation of the axial skewness and flatness. Again 
Burchillrs work is included for comparison. The flatness of 
the axial velocity is 1o;rer than three near the wall, buCU 
increases above three as the pipe centered is approached, 
Unfortunately, due to eqerimental uncertainties, use of 
(3.3-6)  to determine skewness was not possible. Instead, it 
was calculated directly from the probability density of ths 
fluctuating fluid velocities. As noted earlier, this proba- 
bility density was neosured using a TSL 1065A Correlation and 
Probability Analyzer. 
3.4 Eulerian Correlations and &~?rgy Spectra 
Characteristic of any turbulent fluid flox are the ever 
present regions cf strongly correlated fluid of various sizes 
and shapes called eddies. These regions are of particuiar 
interest in this cxperimen-t; since it 13 they which provide the 


impetus for particle dispersion in turbulent flow. Fixed probe, 
hot film anemometer measurements allow the determination of an 
averaged velocity autocorrelation from whence inferences con- 
cerning'eddy size and frequency content may be made. 
In this experiment the axial Gulerian velocity 
autocorrelation 
and the associated axial normalized Ehlerian energy density in 
frequency space 
were determined, together with the Ehlerian time integral scale 
or macroscale: 
as well as the Taylor dissipative time scale or microscale: 1 
1 
J Measurements were made at one inch intervals across the 
pipe radius at each of the five measuring stations along the I 
test section. No significant axial variation in any of these 
quantities was observed. 
Eulerian autocorrelations were computed directly from the 
linearized hot film anemometer signals by the TSI 1065~ Correla- 
t i ~ n  and Probability Analyzer. This device calculated one hund- 
red values of the desired autocorrelation, which proved quite 
sufficient if the proper time scale was used. Determination of 
the normalized energy density (3.4-21, the macroscale (3.4-3) 
and the microscale (3.4-4) was then a simple matter of computer 
coding these equations and reading in the corresponding auto- 
correlation data. 
Figure (3.4-1) shows the Eulerian axial velocity autocor- 
relation at three radial positions across the pipe from the 
axial center of the pipe for a Reynolds number of 50,000. 
Correlation is enhanced as the radial distance from the pipe 
centerline is increased. Semilog plots of these autocorrela- 
t i ~ n s  are shown in the next figure, Figure (3.4-2). The rather 
straight lined nature of these plots indicates that the auto- 
correlations are very nearly exponential. Differences between 
the autocorrelations at various radial positions is very evi- 
dent in this figure. 
Norrcalized axial energy spectra corresponding to these 
autoc~rrelations are shown in Figure (3.4-3). Slightly higher 
frequency components become more important to the one dimen- 
sional energy spectrum as the pipe centerline I s  approached; 
whereas the zero frequency intercept decreases accordingly 
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due to the requirements of normalization. Clearly, most of the 
axial turbulent energy lies at frequencies below 10 Hz. 
Figure (3.4-4) shows the radial variation of the axial time 
macroscale. That this scale increases with radius Is a direct 
consequence of the increase in the zero frequency intercept of 
the axial energy spectrum as the radial distance increases, 
since a comparison of (3.4-2) and (3.4-3) results in: 
Physically, this macroscale may be thought of as a measure of 
the average time of correlation in the axial direction for the 
fluid's fluctuating velocity. Or more precisely, if the auto- 
correlation may be expressed as an exponential in time then the 
macroscale is the l/e folding time. 
While the macroscale may be thought of as relating to the 
long time fluctuations, the time microscale (3.4-4) may be 
considered a measure of the most rapid changes that occur in 
the fluctuating axial velocity. Figure (3.4-4) also shows 
radial variation of the time microscale. Not much variation 
Is noted in this quantity, it being on the order of a third 
to a fourth the value of the time macroscale. 
The effect of changing pipe Reynolds number on the nor- 
malized axial energy spectra at the pipe centerline is shown 
in Figure ( 3.4-5 1. Ehergy spectra were determined for Reynolds 
numbers of 25,000, 50,000, and 100,000. Low frequency content 
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increases ( indicat ing longer cor re la t ion)  f o r  decreasing 
Reynolds number; whereas, due t o  normalization cons t ra in t s ,  t he  
reverse i s  t r u e  f o r  t he  high frequency content. Most of the  
turbulent  energy i n  a l l  cases, however, i s  contained below a 
frequency of 10 Hz. 
Burchil l  showed t h a t  the  Reynolds number dependency of the  
energy spectra could be removed i f  it were considered i n  wave- 
number r a the r  than i n  frequency space. The wavenumber i s  
defined t o  be: 
Notice t h a t  t h i s  equation i s  equivalent t o  Taylor 's hypothesis 
i n  r e l a t i n g  space t o  time. Consequently, a ce r t a in  amount of 
caution must be exercised when considering energy spectra pre-: 
sented i n  wavenumber space due t o  the  non-homogeneous and non- 
i so t rop ic  nature of the  flow. Mindful of t h i s  reservat ion,  
Figure (3.4-6) shows the  normalized cen te r l ine  a x i a l  energy 
spectra  p lo t ted  i n  wavenumber space f o r  the  previous th ree  
Reynolds numbers. A s  i n  Burchil l 's  case the  three  collapse t o  
form a s ing le  curve. Slopes of -1 and -5/3 a r e  included i n  the  
f igure  f o r  comparison. There i s  no evidence of a -1 power 
dependence of t he  energy spectra on wavenumber; whereas a h i n t  
of a -5/3 power dependency can be seen. 
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Axial spatial correlations, however, were not taken, so again 
recourse is made to Taylor's hypothesis to relate the time and 
space macroscales: 
Again, caution must be counseled in the use of Taylor's hypo- 
thesis to relate space and time in non-homogeneous and non- 
isotropic turbulence. 
Ehaluation of (3.4-7) gives macroscales of 
t 
Af .z (0) = 0.476 inches, 
for a center of separation at the pipe centerline. 
GVZ(1) = 0.61 inches, 
for a center of separation one inch from the pipe center. The 
corresponding longitudinal macroscales are 
Af .Z (0) = 0.81 inches 
and 
"f . z  (1) = 1.05 inches. 
Notice that the ratio between the two is very nearly two 
to one. From these measurements, then, it would appear that 
an average eddy in the present flow can be idealized as an 
ellipsoid whose major axis is aligned along the axial direction 
of the flow and is roughly twice that of the minor axis. 
3.5 Three Dimensional Characterization of Turbulent Pipe Flow 
An extensive investigation into the statistical behavior 
of turbulent heat transfer was undertaken by Burchill. In the 
course of his study he made three dimensional measurements of 
the fluid's turbulent velocity field. Knowledge of this three 
dimensional field will prove useful later in interpretation of 
the observed particle motion. 
Figure (3.5-1) shows a schematic of the turbulent loop 
used by ~ u r c h i l l ~ ~ .  As in the present case the loop was con- 
structed with a vertical test section. Measuring probes were 
introduced into this test section at its top through the run 
of a tee. For a more detailed description of his loop the 
3 0 
reader is referred to Burchill's thesis . 
Three dimensional measurements of the fluid's turbulent 
velocity field were taken of pipe Reynolds numbers of 25,000, 
50,000, and 100,000. As interest was focused on the near-wall 
region velocities were normalized by the shear velocity and the 
radial distance was measured in terms of 
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Figure 3.5-1. Turbulent heat transfer loop schematic. 
5 6 
' 1 
Figure (3.5-2a) shows that the axial stress component 
1 
distributions are basically different for Re = 25,000 and the 
two higher Reynolds numbers. At Re 25,000 the gradient is 
less over.most of the radius but is much steeper near the wall. 
The relative magnitudes of the three principal stress components I 
are shown in Figure (3.5-2b). 
'7 
Off diagonal Reynolds stress components are presented in 1 
Figure (3.5-3). The uruz correlation should follow the solid 
line when normalized to the shear velocity squared. The other 
two components should be zero. Qualitatively, such behavior 
occurs. 
1 
Normalized spectra of principal Reynolds stresses near the 
pipe centerline are shown in Figure (3.5-4). Both the radial 1 
and azimuthal spectra are seen to be identical in this region. i 
The dashed curve is the prediction for either the radial or azi- I 
muthal spectrum from isotropic theory. There is an obvious low 
wavenumber deficiency while at high wavenumbers the measured energy 
. I 
content is much higher than that expected for isotropic turbulence. 
These differences Burchill speculated were in part due to the I 
pressure-velocity correlations which are zero in isotropic theory. 1 
I 
3.6 Summary of Eulearian Fluid Measurements 
With the results presented in this chapter it is felt that 1 
a very good statistical picture of the turbulent flow in the 1 
test section has been obtained. Particularly is this true for 
a pipe Reynolds number of 50,000. Together with those of the 
1 
particles, these fluid measurements should provide statistical 1 
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i n s i g h t  i n t o  t h e  r e l 3 t i v e  i n t e r a c t i o n  between t h e  t u r b u l e n t  
f l u i d  and  p a r t i c l e  v e l o c i t y  f i e l d s .  Comparison o f  The two ,  
however ,  must  b e  dope i n  t h e  same f r ame  o f  r e f e r e n c e .  
4. PARTICLE MEASUREMENTS 
4.1 Introduction 
Once a statistical knowledge of the test section's tur- 
bulent flow field had been obtained, a series of particle 
trajectory measurements were undertaken. From these measure- 
ments, an ensemble characterization of particle behavior could 
be made. Statistical quantities analogus to those calculated 
for the fluid were determined for the particles. 
The apparatus used to make the particle trajectory measure- 
ments, as noted in the previous chapter, was a modification of 
that used earlier by   ones^^ and shirazi12. In their work 
several problems combined to give rise to an intolerable level 
of noise. As a consequence, considerable effort in the present 
study was directed toward its elimination. For a discussion of 
the improvements made to the original system together with a 
description of the modified system's workings the reader is 
31 referred to Water Resources Research Report 40 . 
4.2 Particle Monitoring and Data Handling 
Figure (4.2-1) shows a general schematic of the monitoring 
and recording equipment. Voltage levels from each of the eight 
paired detectors were RC filtered, differenced, low pass filtered, 
and FM recorded onto magnetic tape. By such means it was possible 
to obtain the particle's three dimensional trajectory as a func- 
tion of time. A/D conversion converted the continuous trajectories 
into a discrete time series enabling subsequent analysis by an 
IBM 360/75 computer. Analysis of the digitized data for each 
Figure ( 4 2 -  S c h e m a t i c  o f  M o n i t o r i n g  a n d  
R e c o r d i p g  E q u i p m e n t .  
Detector Pair 
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(Bay Laboratcries 
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Osci l losc~pe 
(Tektronix 
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FM Magnetic 
Tape Recorder 
( Sangamo 3500 
individual particle run was unde:rtaken using a general computer 
program which computed the three dimensional trajectory as a 
time series, and then, using a least squares fitting technique, 
the subsequent three dimensional velocity as a discrete time 
series was evaluated. Figure (4.2-2) shows a typical particle 
trajectory while Figure (4.2-3) shows the same particle's velocity. 
Statistical quantities characteristic of the particle motion such 
as velocity variances and autocorrelations were then calculated. 
A more detailed discussion of the analysis program may be found 
in ~ e e k ' s ~ ~  thesis. 
4.3 Spherical Particle Results 
Table (4.3-1) lists the physical properties of the spherical 
particles used in this study. Particles of two sizes and four 
different densities were used. Their Reynolds numbers were 
reasonably high as were their free fall velocities. 
Velocity variances for the three coordinate directions are 
shown in Figures (4.3-11, (4.3-21, and (4.3-3). Included on 
these graphs are the results of some twenty-nine runs that 
successfully remained within a 14 cm x 14 cm right circular 
cylinder. Unfortunately, this requirement that the particle 
remain within the calibration region, caused the rejection of 
many runs. Table 4.3-2 gives an account of the fate of the five 
particles used in the experiment. Least squares fits to the 
variance data reveal little radial dependence for the radial 
and azimuthal velocity variances. The axial velocity variance 
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does, however, show a marked radial dependence; indeed, its 
general dependency can be seen to be much the same as that of 
fluid's axial velocity variance. 
Such behavior is in qualitative agreement with that of the 
fluid. A comparison of the three dimensional fluid and parti- 
cle intensities may be made using ~urchill's~~ fluid data. 
Although Burchill's axial fluid intensity was somewhat lower 
in magnitude than that found in the present experiment; it can 
be seen from Figure (3.3-4). however, that within the allowed 
calibration region (r/R < 0.65) the two have much the same 
radial dependence. As a consequence it was decided to assume, 
as a first approximation, that the radial and azimuthal inten- 
sities behaved in a similar manner. Burchill's transverse 
intensities were thus scaled in the following manner: 
and 
where I is the intensity, and the subscript B refers to 
Burchill's data. By analogy with the fluid it is possible to 
define a particle intensity as the ratio of the particle's RMS 
velocity divided by its mean velocity. In the present case 
this mean velocity may be taken simply as the sum of the parti- 
cle's free fall velocity and the fluid's mean velocity. Figure 
(4.6-6) shows a three dimensional comparison of fluid and 

particle intensitlcs. Both fluid and particle intensities are 
seen to be very similar in the axial and azimuthal directions 
except In the neaF centerline region of the pipe where there is 
a difference between the two azimuthal intensities, By con- 
trast, the two rarlicrl intensities are close only in the near 
centerline region. Further, it is interest,im to note that at 
the centerline the relative positions of the various intensity 
components of the particle are ldenticnl to those of the fluid 
with the radial being the largest, the axial intermediate, and 
the azimuthal the least. B~rchill, however, had some misqivizys 
concerning his measured centerline fluid intensities. Be pointed 
out that the radial component could not exceed the axial at the 
pipe centerljne axid as sach felt that it should be of the snme 
magnitude as that of the azimuthal. Since in the present case 
virtually none of t h e  particles measured stayed closer to the 
centerline than approximately one centineter , the centerline 
intercepts of the least squares fits depends entirely on data 
at an appreciable radial position. Consequently, these Inter- 
cepts may be somewhat in error, 
Figures ( 4 . 3 - 5 a ,  b, c, and d )  show typical autocorrelations 
measured for individual runs of the four particles. Although 
these correlctions act rather erratically soae general trends 
are evident. Axial nutocorrelations in all cases exceed t h z  
radial and azimuthal ones; and, in general, the radial muto- 
correlation excee6s the azimuthal. Borrever, due to t;he v~ :~ '= i t ?d  
behavior of individual runs for a given particle, v t r y  li4;tlr 
further infolzatiori say be glenned f r o 3  these ruxr;. Furt f icr  

lnformaCion an the p n r t i c l e ' s  bctmvior musk be  ob ta ined  f?om 
c o r r e l a t i o ~ i s  d e t e r u i n e d  by ensembltng, i n  some manner, t h e  
i r i d i ~ i d t ~ ~ l  r u n s f o r  t h e  g iven  po . r t i c le .  Due to t h e  cy1inEl'lnr.l. 
symmatry of t h e  f h l d  t u rbu lence  i n  t h e  t e s t  s e c t i o n ,  as well. 
as t h e  observed s s d i a l .  dependence of t h e  p a r t . i c l e t s  i n t e n s i t i e s  
i t  would seem propeT t o  ensemble i n d i v i d u a l  r u n s  f o r  which t h e  
p a r t i c l e ' s  traject,o~'J.c;s l a y  a t  s i n i l u r  r a d i a l  d i s t c ~ c c s  fro:; :;he 
p i p e  centcrJ,l.n?. The s p a r c i t y  of su .ccessfu1 i n d i v f d u a l  p a r t i c l e  
-runs a t  a. gl.ven raclia.;1 p o s i t i o n  d1d n o t  a l l o w  such ensembling, - 
Instead it  tras necessary t o  ensemble a l l  t h e  runs of a p a r t i - -  
cul-ar  part ic3.a ~ c g a r d f e s s  of naerage r a d i a l  pos1tio:i.  A l t h o , u g : ; ~  
n o t  as va l id  2s t h e  n:?eviously mentioned ae thod ,  this p r o c e d u ~ c  
should be less i f i  e r ror  f o r  t h e  ~ c ? . d l , a l  nd azlr;l,uthal s?~.:!t?.,.,tt?.c.fl 
coiapononts c h a ~ u c t e r i z i y ! ~  t h e  p a r t i c l e ' s  behavic r  than far %h-: 
a x i n l  compone~?t s i n c e  they have a very  weak s p a t i a l  d.epende!;ce. 
The r e s u l t s  of such b lanket  ensembling f o r  each partisle 
a u t o c o r r e l a t i o r ~  a r e  shotm i n  F'iguTes ( 4 . 3 - 6 a _ ,  b )  , and ( 4 . 3 - 7 a ,  
b ) .  StnB1S.izing ef ' reets  on t h e  appa ren t  behavior  of t k c  cmLo- 
c o r r e l a t i o n s  i s  qn i  te apparent and ,  as n i g h t  be exgec ted ,  b ~ z c a ~ ; s  
nore p y o n ~ ~ n c e d  as mc:?e r uns  are ensembled. A s  expec ted ,  'chn 
l o n g i t u d i n a l  a x f e l  n u t ; ~ c o r r e l a t i o n s  excoed t h e  l a t e r a 1 , r a d i a l  
and az imutha l  ~~zi;occ~:~~:eXations c x c e t  i n  t h e  czse of the  Iie : 
P 
463 meaium part:.c-,lc. Since only t h r e e  s l ~ c c e ~ s f u l  runs  wb7e IJE.~? @ 
with t h i s  p a r t i c l e  it i s  f e l t  t h a t  l e s s  ~ i g n i f i c a r l c e  ca.n 3e  
a t t ~ ~ c l l e d  t o  2 . t ~  enserrtl-11et.I behavior  thsn t o  t k e  el:s~?ii?,kl..~~d. 3i?cjila-~j.~~ 
of the others, Th2 t ~ o  l a t e r a l  a u t o c o r r e l a t i o n s  a r e ,  i n  
gel~cx'al, xlot er;u;~:=ll 2::: they  ai.cukd b e  :r, t h e  case of i , ~o? : .~og ; ;~  

T (SEC) 
Figure ( 4 , 3 - 7 ) .  Ensembled Particle Autocorrelations. 
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From these ensembled autocorrelations it is possible to deter- 
mine particle macroscales, tabulated in Table 4.3-2. For the 
particles used, the macroscales lie between one second and one 
tenth of a second. 
The resultant normalized energy spectra for each particle 
are shown in Figures (4.3-8a, b) and (4.3-9a, b )  . , Erratic 
behavior in the autocorrelations can readily be seen to propa- 
gate into the spectra. In all cases the spectra break downward 
at low frequency; indeed in most cases they begin to break at a 
frequency of half a Hertz. Figures (4.3-10a, b, and c) show 
energy spectra and energy dissipation for the Re = 223 medium 
P 
sized particle. The other particles showed similar trends in 
dissipation. Since the dissipation curves peak at a frequency 
of one Hertz, the particle has little turbulent energy at 
frequencies beyond this point. It is interesting to note that 
the maximum dissipation occurs at basically the same frequency 
for each component of the three dimensional spectrum. Dissipa- 
tive microscales were subsequently calculated and are included 
in ~able'4.3-2. Roughly, the microscales of any given particle 
are one third the size of the macroscales. 
Although it had been hoped to attain more extensive para- 
meterization, as well as more individual runs for ensemblirq 
purposes, it is felt that the results of the present experiment 
are quite adequate to check the theory as presented in Chapter 2. 
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4.4 Particle Shape Studies 
Supplementing the previously discussed high Reynolds 
number, spherical particle studies were measurements made 
using particles of various geometrical shapes - spherical, 
tetrahedral, and cubic. These shapes were chosen since they 
were felt to encompass most of the shapes of particles found 
in typical flow situations. Care was taken to study particles 
with similar Reynolds numbers so that valid comparisons of 
their behavior could reveal effects due to particle shape. 
Reynolds numbers were calculated using the usual char- 
acteristic length for each of the solids. For the sphere the 
characteristic length is the diameter and the Reynolds number 
fd is Re (sphere) = where f is the quiescent free fall 
P 
velocity, v the kinematic viscosity of water at 80°F (the loop 
operational temperature) and d, the diameter of the sphere. 
For the cube and tetrahedron the characteristic length + 
used was calculated from the ratio (volume/maximum cross sec- 
tional area). Thus the cube's characteristic dimension was 
3 
a /a2 = a, the length of the side. For the tetrahedron, the 
3 length used was (a 1 or adc/9 where a is the length 
of an edge of the tetrahedron. It is felt that these charac- 
teristic lengths best characterize the non-spherical shapes in 
the present experimental application. Table 4.4-1 lists rele- 
vant data for the three particles considered; Figure 4.4-1 
shows a dimensioned schematic of them. 
Figure 4.4-2 shows the particles' ensembled velocity auto- 
v 
uonpa y olial 
Sphere 
Re, = 154 ! 
I 
Tetrahedron 
Re, = 72.5 
Cube 
Rep= 181 
RADIAL 
Figure 4.4-2. Particle Autocorrelations for Different Directions 
Table 4.4-1 
Physical Characteristics of Particles Used 
in Variable Shape Study 
Characteristic Sphere Cube Tetrahedron 
Length, a 5 mm 5 mm 1.91 mm 
P P 
1.01472 gm/cc 1.0118 gm/cc 1.0142 gm/cc 
correlations (r,0,z) for the three particles studied. Some 
twenty individual measurements were ensembled for the cube 
while fourteen runs and thirteen runs were ensembled for the 
sphere and tetrahedron respectively. The more irregularly 
shaped cube and tetrahedron tended to exhibit somewhat greater 
correlation than did the more regularly shaped sphere. Espec- 
ially was this behavior true for the lateral ( r , ~ )  directions 
where both the radial and the azimuthal correlations were 
enhanced greatly when compared to those observed for the sphere. 
Such behavior is graphically illustrated in Figure 4.4-3 where 
comparisons of the three autocorrelations are made for the 
three particle shapes. 
The normalized energy spectra associated with these en- 
sembled autocorrelations are shown in Figure 4.4-4. In all 
cases the particles1 turbulence energy is contained at rather 
low frequency, the spectra breaking downward at a frequency of. 
approximately half a Hertz. This is consistent with the prev- 
iously observed behavior for the high Reynolds number spheres. 
Table 4.4-2 lists observed quantities which statistically 
characterized the behavior of the three particles. As a con- 
sequence of the previously noted enhancement of the lateral 
correlations for the cubic and tetrahedral particles, their 
integral time scales in the lateral directions were much greater 
than those of the spherical particle, In the longitudinal (z) 
direction all three integral scales were quite similar. Flat- 
ness and skewness measurements showed the three components of 
the particles1 fluctuating velocity field to be fairly Gaussian. 
Especially was this true of the cubic particle. Time microscales 
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proved to be on the order of a thi.rd of the time integral 
scales in the appropriate coordinate directions for the three 
particles. Particle dispersion was greatest in the longitudinal 
direction, lateral dispersion being approximately one half the 
longitudinal. Of the three particles the tetrahedron seemed 
to evidence the greatest dispersion; the cube displayed similar 
dispersion tendencies in both lateral (rye) directions. 
Normalized shear stresses for the three particles are 
given below: 
Cube 
1.0 0.000147 0.0606 
R 1.0 -0.0646 
P, ij 
0.0606 -0.0646 1.0 1 
Tetrahedron 
0.000074 0.199 1 
The off-diagonal components in the cases of the cubic and 
spherical particles are seen to be rather small (<lo%). 
However, no longer are these components (especially the rz 
component) so insignificant for the tetrahedral particle. For 
an isotropic situation these off-diagonal components would be 
identically zero. 
Nominal sand particles ( %  0.3 mm) have a particle Reyriolds 
number on the order of ten. As such a lower Reynolds number 
(Rep = 46.61, cubic particle was studied to simulate the behavior 
of sand. Table 4.4-3 gives both the particle characteristics 
and the observed statistical behavior of this particle. Disper- 
sion as well as correlation in all three directions tended to 
be somewhat greater than that observed for the higher Reynolds 
number cube. Radial dispersion is seen to be dominant. 
The normalized shear stresses were: 
Off-diagonal components for this low Reynolds number cube 
were quite significant in the case of the rz and 0z stresses. 
As before the r0 stress was of little note. 
Figure 4.4-5 shows the ensembled autocorrelations for the 
three mutually orthogonal directions. Lateral correlation is 
seen to be much greater than longitudinal correlation, in con- 
trast to the behavior observed for the spherical particle. The 
associated normalized energy spectra are shown on Figure 4.4-6. 
As with the higher Reynolds number cube most of the particle's 
turbulence energy is contained at low frequency, the spectra 
breaking downward at frequencies of approximately half a Hertz 
as before. 
Table 4.4-3 
Physical and Dynamical Characteristics of a Cubic Particle 
Simulation of Suspended Sand Grains in Turbulent Pipe Flow 
Physical Characteristics 
a 0.5 cm (characteristic length) 
Dynamical Characteristics 
1.204 cm/sec Tr .688 sec 
1.052 cm/sec TO .581 sec 
1.204 cm/sec Tz .512 sec 
1.159 cm/sec 
Tr .I99 sec 
-.136 T e .082 sec 
2.234 TZ .161 sec 
-. 421 


- GST s; 1;TTn s~0-r~ yans saya-~x~sd ayq ;o sar3raoIan Bura~nq 
.*--- h.L; ~i~~~.~r~sSI 533 3223 '~3~7 'q3aL~a C:3TqFU0683J suaas qg 
dCr-;~~::o;~@qs c3 paqas~~oa ~qk2i1 ~UT~CZ~ZP LTTsnsn y9noyq 'puw 
s'j rri?Loys sy amTq jo aorqorrnj B sz uoys~ads-gp a~3~3xvd 
euoyq-aIa.zaoo 8~3~qfi~C 8x~3~rn~~ q3ajja 
fl . -EB',. .,. - &:cop -- ay2 aq ca, smadd~ r;ap.r0$3a ~ZJ? &"uysso~a quam-g~actxe 
::-iq$ ut 'paaptq *u~~?EI~;JJo~ apra~~d uy asuwaap oayssa~3 
-o,~i; a 2uysnaa sas~az~ap ' b3u~qsuo~ am-fq sqy saseaJouy aTo 
m TqL,sd jo Lqyaopd TXEJ as~z ayq su JOJ 'a~n53rj s7q3 7.x~ auap 
-*is3 aqtnb sy sag~oqcsC~q 8zyssa~o 30 aauti-;?mamy aq;r, *rnaoys 
jo ~,ro~;;jsod 1~3~3372~ ayq auynxaqap 07 sz os qes aJam (sLroT3Goo-t 
T~:~~~z&T%uoT 3UaLaJJFp 3s paqtrncsr) ss,xau~3 jo sayzas g *apm 
st315 3~3yj r?io~j pynTj eqq $0 uoTqEzx.xaaaszvy3 TaDyqsyqurts poot) 
*p?sn SWN a3ua~na.~r!q F~~uJsu~~ py~B yq& R~qmass~ noTj p&~:& 
-dn t-[as13JaA u $traug~adxa syrf u~ *paqogpe~d auqq oq pahmsqs 
ss myhvyaq a-p~q.s~d &~eay rraaiqaq uosyx~drrroo e xoj pasn 
aq ~1-p: ~ap%u~ JO q~arn~~adxa Tawan3 pup. ayl ro~j sqwu OZ 
wosx~~d~zo3 opiq~ud heax 
'pi,o Y~I:GTJ 3uaTnqJnq uy m$nGyaq aqrs~nox3~~d Suyuza~o53 srne-p.w 
-yaam 3gszq ayq aqug qq2~sui dOT13 TI~M gwamx~adxa puu S~oaq3 
risai.:2aq auamaaz3gs~p puu quamaa,r9u ay? jo uoyssi~osy~ 
*. 
.. . 
I. , :: . &j+' 
!.I 13 
.= 
> ., CJ 
>Y 
!.' ,' II 
"'I 
P 0 i-" 
r3 ad 
,rr PI-- 
N P 
- i=- ril La 
* 01 
* 1 :L' 'a p Ck3 
,f)j pd 2) 
-.; G33 
y-, 0 v3 
cn IP 
'?: 
?: 
t.3 3 
I. > I-' 
Lh 5 

-;aqzp ATpquarn?~ack~ ayq pus paq~ipa~d Q:eogqa~oay!i uaaxqaq 
.... L.c.I '~a-sdxo:, 12 S~~OL~S (i7-z 5 ) a;cnYj~,g ' acrn.5~~ Buy~olloj ay& 
TTr, unqttl s;sm amos uy pue a~eos -pixBa3ug auq asua~aui 03 puaq *> 
v ;::Jaa;qo L~~wquacr-~cracixa s I .~a  IS 02 s3-[t33s 3~;-i a ,~o~8aquy a q jo 
soyq~.;c parrTmcra3ap X~~ua'~33;coayq aysa.xwd~o:, (€-~*cj) a~n.8yj 

TOT 

:.; 1 %r_r:jralj;aoa ayq ~roTs~ads $p 
[-:~a/l,t:r 203 quyq Lq auop rvii s LrrL -vq.sp uo-gs.xads-gp arl3 
L:Q,XJ pauymaqap aJaM sanym s@&rul;..rw 11 ~x??u;~r-~..Iadua ,,pa':.aa~d03 ,,
'qans sv *R30~)143 quasa~d a143 yqrk: a:~r;..tno,t,-:; 3 e7 @a~ucya*en ::~L~ZI 
-oy:?~ pyr~yj oyq pnba Arx~au J.xa~ 03 aou::g,z;s Lqr30-p~ sqy asn~3 
bp.?~~~aa~ JI 'pTnode L~FY~I $SOT u33q 2k.c~ p-[rto:) r-.priaq ssa1.3 :LoIIorj 
aya jo ,S3xaua ay?, 30 su uQny~ :;-? puo ,,o?oa: S:ry~dnras 
rtoI ayq 03 anp 3so-[ so& spwaq ssq3 MO~,-,I:~ a~q joX8~atra ayq 
50 uoy3;rod quo3~$~uB~s u 3wq3 A'yayy?: XI-; :;r qr,, 3ay3 paquqs 
aH 'sp~~q ssv1.3 ~oy~oy ayq ju 2uy3 biuyn~i3~ud y asan~un 
. I' 
s:,~~;:.~?~ - :,-...l +-, 30 rrs yssxaqxg s.;;atj Itq~ocr~aa Zu~q~n* .-,..-. .,-,- . lL~.-j o-p'{3.rsd 
'?,v--, 73..;;,-,- 7 . . L- i.a 
L, er{q v,~:.oq jo Aco~.;os~~xzt qca~ayr;; z.rjq c:. ;iu-~qrr-$od'qou 
usin sy 2~ s;3 pass4 '-Lzoaqq eqg *cog?rfa,xoa pu~pnqg8uo-c J~J 
sg z~ s2 TT~T~E-~JJO~ I'szaqcx LOJ poo2 sz $ox sy quamaaaw 
*adzys si~~q~x~d SbY3 
3;9-(qxa qeq3 saoT:qa.xxoDoG?Ls a13 ig~cci ny $-psabz 03 paq~odxa 
* ,: ,. .; ... La -- ,-no;i XG~~ET~LLC~O~ nti ?z'z?~L.~PJ.~?wI s , pyt1-r~ aqq 30 czogqd7.xosap 
'PfnIJ ?uafnqJn% 
n Sq qxocisx~.~d axa#qxud away jo aseo ey2. uy %uatq~adxa pun 
.rn ,.*-/. - ,.+o.\4z 3yq JO oxqt3,r ayq 30 UOiqCirllJ 13 sz p339o~d sx oyqacr STY& 
'ps~~ssqo G~~sluemy~edre qsqq pus 'z'Jc '-3yny~ ayq jo q~jqq 

LOT: 
Table 5,3-1, Comparison Between Theoretically Predicted 
and Bperlmental ly Observed F'luctuatlng 
Velocity B a t l o  
Beyond t h i s ,  howc v c r ,  inver1~~; ibly  t h e  observed r a t i o s  a r e  g r e a t e r p  
t h a n  t h e  p r e d i c t ~ d  va lue  of nea r  u n i t y .  S ince  t h e s e  q u a n t i t i e s  
a r e  q u i t e  s e n s i t : v c  t o  ex t raneous  s i g n a l s  i t  i s  probable  t h a t  
i n s u f f i c i e n t  mesn.: : i r r e  employed t o  remove t h i s  spu r ious  con- 
t r i b u t i o n .  I n  a l l  l i k e l i h o o d ,  e f f e c t i v e  removal would e n t a i l  
more e x t e n s i v e  e::se:>bling of i n d i v i d u a l  r u n s  wi th  similar ave r -  
s g e  r a d i a l  p o s i t  5 . r j ~ s ,  Such ensembling would r e q u i r e  much more 
d a t a  t han  i s  no;,r a t a i l a h l e .  
Unlike t h e  behs~a io r  of t h e  heavy p a r t i c l e s  i n  Snyder ' s  
exper iment ,  pa r t l . c . l e s  wi th  h ighe r  f r e e  f a l l  v e l o c i t y  had h i g h c  
RMS f l u c t u a t l ~ ~ g  v - , l o c i + i c s  I n  t he  p r e s e n t  moderate p a r t i c l e  
experiment.  Th i s  beha-vior d o e s  n o t  seem t o  be d u e  t o  ard pre-  
d i l e c t i o n  on t h e  wrt o f  t he se  p a r t i c l e s  t o  move a t  l a r g e  radial 
d i s t a n c e s  ( f r o u  t h e  r i i p e  c e n c e r l i n e )  w h e r e  t h e  f l u i d ' s  t u r b u l e n t  
i n t e n s i t y  i s  h i y ~ - . .  ?i3r does i t  seem t o  be a s i z e  e f f e c t ,  s i n c e  
I t  w a s  observed for r:och l a r q z  and m e d i u ~  p a r t i c l e s ,  The a x i s 1  
t ime  macroscales  were a l s o  l a r g e r  f o r  t h o s e  p a r t i c l e s  w i t h  
h ighe r  f r e e  f a l l  vel=c?.!;;r, i n d i c a t i n g  longe r  c o r r e l a t i o n  t i n e s  
f o r  such partLc1z.s. 
Such b e h a v l o ~  zc.~y L2 ~.ar , i  f  e s  t a t l o n s  of  on-Stokesian 
e f f e c t s  a c t i n g  on t h e s e  high Reynolds number p a r t i c l e s .  I n  kTC 
31 Report  40 I t  w a s  shcvm t h a t  non-Stokesian e f f e c t s  can be 
Included i n  t h e  s i n p l i f i e d  equa t ion  of inoticn ( 1 . 2 4 )  e s  a nu l -  
t i p l i e r ,  8, or, t h e  Stokes  f o r c e  term, The paramc-tier b 
depends 03 the p a r + , 1 ~ l c l s  Reynolds nxmber, being u n i t y  T c ; r  Is;r 
p a r t i c l e 9  s Reynolds number ai22 g r e a t e r  t han  u n i t y  f o r  i n c ~ c . 3 s i n i ~  
p a r t i c l e ' s  Rzynolds nuz5er. The p a r t i c l e ' s  response  functicn 
then is modified with the inclusion of the parameter 6 as the 
constant term (in both the numerator and denominator) in place 
of its Stokesian value of unity. Consider the simplified theory: 
A similar expression may be mitten for the general response 
function of chaol1 when (5.4-1) is used it is found that the 
parameter 5 is reduced from its Stokesian value: 
where Ss is the Stokesian value of . If the ratio of the 
velocity variances is considered: 
it is seen that non-Stokesian effects result in higher RXS 
fluctuating velocities for a given particle size If the value 
of B is reasonably constent. In the present experiment this 
value of $ was fairly constant for a particular particle size. 
Such an increase in the particle's fluctuatir~ velocita can 
cause a corresponding increase in its time macroscnle if %he 
ratio f/ul decreases. Correlation is correspondingly 
P*Z 
enhanced. Qualitatively then, non-Stokeslan effects appear to 
provide at least a partial explanation of the behavi3r of those 
high Reynolds number particles. 
6 .  SUE.IT?ARY AND CONCLUSIONS 
6.1 Concludinq Remarks 
A s t a t i s t i c a l  i n v e s t i p a t i o n  i n t o  p a r t i c l e  t r a n s p o r t  by a 
tu rbu len t  f l u i d  flow has been made. 30th  a n a l y t i c a l  and experi-  
mental s t u d i e s  provided i n s i g h t  i n t o  t h e  c h a r a c t e r i s t i c s  of t h i s  
important  phenomena. The theory,  due t o  i t s  c l a r i t y  and ease  of 
manipulat ion,  should prove an  a i d  t o  those  concerned with such 
p r e s e n t  technologica l  problems as a i r  and water p o l l u t i o n ,  r i v e r  
bed e ros ion  and sedimentat ion,  and r a d i o a c t i v e  f a l l o u t ,  The 
experiment and e s p e c i a l l y  t h e  experimental  techniques evolved 
should be of some i n t e r e s t  t o  o the r s  s tudying p a r t i c l e  t ~ a n s p o r t .  
A s t a t i s t i c a l  node1 of p a r t i c l e  no t ion  i n  a t u r b u l e n t  f l u i d  
f low was derived.  I n  i t s  d e r i v a t i o n  assumptions of s t a t i o n a r i t y  
and i s o t r o p y  of both t h e  p a r t i c l e ' s  and t h e  f l u i d ' s  f l u c t u a t i n g  
v e l o c i t y  f i e l d  were made. Stokesian drag  was a l s o  assuned. No 
a t t empt  w a s  made t o  r e s o l v e  Lurnley's9 t l e s s e n t i a l  n o n l i n e a ~ i t p ~ ~  
i n  t h e  p a r t i c l e ' s  equat ion of motion. I t  was avoided ba* i ~ i t i -  
a l l y  cons ider ing  p a r t i c l e s  r e s t r i c t e d  t o  remain i n  a given region 
of c o r r e l a t e d  f l u i d  turbulence.  For such p a r t i c l e s  t h e  e q u ~ t i c n  
of motion becomes time dependent only and a p a r t i c l e  response 
func t ion  can be der ived  by t h e  Four ier  t r a n s f o r a  mechod of.  
Chao . l1 Severa l  response func t ions  were deriveO f ron  varioirs 
s i m p l i f i c a t i o n s  of t h e  p a r t i c l e ' s  equat ion of not ion .  Zero  f r ? e  
f a l l  v e l o c i t y  energy s p e c t r a  were f o r ~ e d .  The experimental ly  
observed s i m i l e r i t y  of a x i a l  v e l o c i t y  a u t o c o r r e l a t i o n  a l i o x e d  
i n c l u s i o n  of f i n i t e  f r e e  f a l l  v e l o c i t y  e f f e c t s ,  Expressions 
for velocity variance, autocorrelation, and particle dispersion 1 
were obtained. : 1 
i, 
Analytically, three parameters were observed to characterize 
particle behavior I 
The first two parameters describe inertial effects due to parti- 
cle size and density. The third describes free fall velocity I 
eff eots. Consideration of their inf luence on particle behavior 1 ! 
shows that free fall effects tend to limit correlation; while 
Inertial effects limit the particiefs fluctuating velocity vari- I 
ance. Both effects combine to reduce particle dispersion. A11 
I \ 
I 1 
of these parameters nave been determined by earlier investigators, 
usually from a combination of theoretical analysis and/or con- 
sideration of experimental data. It is of some satisfaction to 
I 
note that in the present work all three are the result of a 1 
purely analytical treatment. 
In conjunction with this theoretical development an experi- i 
mental study was undertaken. Eulerian characterizations of the I 
.I 
fluid's axial velocity field were made. Fluid velocity vari- 
1 
ances, moments, probabillty densities, autocorrelations, cross 
> ,  
, i 
correlations, and energy spectra were determined. Most mea- 
surements were made at a pipe Reynolds number of Re = 50,000 
although some data was taken at Re = 25,000 and Re = 100,OQO. 
Comparison with the work of other investigators showed the fluid 
turbul~nce to be stationary but not quite fully developed. Such 
a characterization allowed better intrepretation of the subse- 
quent particle experinents and comparison between the fluid and 
particle turbulence fields. 
Four particles of two sizes but with differing densities 
and free fall velocities were used to characterize parcicle 
behavior in the turbulent fluid. These particles1 three dimen- 
sional trajectories were FM recorded onto magnetic tape. The 
resultant signals xcre then A/D converted for use on a digital 
computer. A least squares method of velocity determination was 
found effective in digitally filtering out ~ u c h  of the spurious 
signals while retaining the useful information. From these v e l o -  
cities statistical quantities analogous to those measured for 
the fluid were calculated; although in the case of the particle, 
three dimensional rather than one dimensional characterization 
could be made. For a given particle, calculations over indivi6nal 
experimental runs were ensembled since the time of measurement 
was not long enougn for stationsrity to have been attained. 
Comparison of theoretical prediction to experimental 
observation showed good agreement between the txo if the under- 
lying assumptions of the theory were valid. Such was the case 
for snyder'sPo heavy particle, wind tunnel experlmens. In his 
experiment the grid generated a fluid velocity field which was 
isotropic in the plane perpendicular to the mean flow direction. 
Although decaying, the turbulence could be corrected to station- 
arity. All the particles he used were either Stokesian or very 
nearly Stokesian in drag characteristics. As a consequence good 
agreement was to be expected and did occur. Agreement suffered 
when the underlying assumptions were not valid. Such was the 
case for the present moderate particle, water experiment. 
Although stationary, the fluid velocity field, being pipe flow, 
was anisotropic. Further, the particles used were non-Stokesian. 
As a result, agreement between theory and experiment was not so 
good. 
Studies of the behavior of particles with different shapes 
were also undertaken. It was found that significant effects 
could be attributed to particle shape. Especially was this true 
of lateral correlation which proved to be much greater than for 
the spherical particles. A low Reynold number cube was used to 
simulate the motion of a nominal sand particle. 
It is felt that such studies as have been undertaken in 
this work provide a fairly representative look at particle motion 
in a turbulent water flow. By investigating the problem both 
analytically, as well as experimentally, it has been possible to 
better understand the basic mechanisms and important parameters 
governing individual particle transport. Much remains to be done, 
however, especially in the realm of detailed and careful experi- 
mental parameterization. Such studies are being done at present 
and will be reported on the final report of Water Resources 
Contract B-067-111. The present work, however, provides a solid 
foundation for such future studies. 
APPENDIX A 
GENERALIZED ERGODIC HYPOTHESIS FOR PARTICLE MOTION 
Equation (2.2-5) implicitly assumes that the space-related 
wavenumber, k, is the same in (2.2-5) as it is in (2.2-4). 
Such an assumption is the consequence of a more general ergodic 
hypothesis. In a statistical sense the spatial extent of 
correlation for a given particle should be the same whether the 
particle is confined to a single strongly correlated region of 
the (assumed) stationary, homogeneous fluid velocity field or 
whether it passes through this homogeneous turbulence by virtue . 
of its free fall velocity. In the one case the individual 
strongly correlated region of fluid containing the particle 
eventually samples the distribution of turbulence states (ergod- 
icity of the fluid field); whereas, in the other case the 
particle's motion from region to region also causes it to be 
exposed to the distribution of possible turbulence states. As 
a consequence the spatial extent of correlation should be the 
same in both cases. Since this implies a characteristic cor- 
relation length, an appropriate length scale (or eddy size) may 
be defined. Consequently since 
k ~ -  1 
characteristic 
length scale 
the wavenumber is seen to be the same in. both (2.2-4) and (2.2-5). 
Clearly this is an idealization to the case of particles moving 
in a stationary homogeneous turbulence whose eddy residence time 
is long compared to its response time. For other flows or other 
particles such an ergodic hypothesis may only approximately hold 
true. 
APPENDIX B 
DISCUSSION OF THE ANALYSIS PRQGRAZS 
As noted in Chapter 4 information on particle trajectories 
and carriage positions weye stored on digital magnetic tape. 
This Information ?am in the fora of various voltages: voltage 
differeaces frcm which the actual trajectory was rletermired a l ~ d  
voltages f ror", trvo potentiometers which when pieced together 
established the carriage position as a func2lon of time. 
For a given particle run the m i n  analysis program, 
SI;f/YW', first discriminated against any possible null which Kay 
have been inadvertantly digitized at the begiming or at the end 
of the run. Next, the particle's positicn wss calcuiato5, first 
in Cartesian thsn in Cylindrical coordinates. Checks were 
made to ensure t b t  the particle remained within the calibrate3 
region (the boundaries of which were extended to a 14 cz diameter 
x 14 cm high right circular c~iinder). The carriage positicn as 
a time series was then calculated. 
From this time series of position data t h e  particle~s three 
coordinate velocitl~s were determined by linear least squares 
fitting over a s n a l l  t i n e  interval: 
A.time series of these velocities was generated by moving the 
averaging time interval along the trsJectory, Velocities wers 
calculated at succeeding points along the trajectory. Sinilarii~, 
the carriage velocity was also calculated: 
Fluctuating velocities were then calculated: 
where the overbar represents an average over all the velocities 
Vj, VC(t) is the carriage velocity at time t, uf(t) is the 
fluid's mean velocity at the particle's radial position at time 
t, and f is the particle's turbulent free fall velocity which 
was also determined by the program. These velocities constituted 
a time series from which average quantities were calculated: 
where k = (r, 9,z) and M is the total number of data points. 
Autocorrelation coefficients were also calculated from this 
data 
where p indicates the number lag increments. These correla- 
tions were then punched out so as to be used later to provide 
an ensembled set of Rr, R e .  and RZ for the glven particle: 
where L Is the number of individual runs for the given 
particle. 
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